
The EMBO Journal Vol.20 No. 16 pp.43lJlo, 2001 XP-002261 324 

NEW EMBO MEMBER'S REVIEW .— 

The double life of HMGB1 chromatin protein: !r .»3^:jiaaLSL 

architectural factor and extracellular signal 




Susanne Muller, Paola Scaffidi, 
Bernard Degryse 1 , Tiziana Bonaldi, 
Lorenza Ronfant, Alessandra Agresti, 
Monica Beltrame 2 and Marco E.Bianchi 3 

DIBIT, San Raffacfc Scientific Institute, via Olgettina 58, 20132 Milan, 
2 Dipartimento di Genctka e di Biologia dei Microrganisnu. via 
Celoria 26, 20133 Milan, Italy and 'The Scripps Research Institute, 
10550 North Torrey Pines Road, La Joila, CA 92037. USA 

3 Corresponding author 
e-mail: bianchi.maico@hsr.it 



. Keywords: cell migration/chromatin/high mobility 
J group/inflammation/RAGE 



Introduction 

The High Mobility Group Box (HMGB) chromosomal 
proteins have been known and studied for a long time, but 
we have only recently started to understand their bio- 
logical functions. They now have a clear reputation for 
being important architectural factors: they facilitate the 
assembly of site-specific DNA binding proteins to then- 
cognate binding sites within chromatin. Beyond this 
intranuclear function, they also have an extracellular 
function, which will be the prime focus of this short 
review. 



The HMGB family: structure, expression 
and nuclear function 

The HMGB family comprises the three proteins HMGB1 
(previously HMG1), HMGB2 (previously HMG2) and 

\ HMGB 3 (previously HMG4 or HMG2b) (Bustin, 2001). 

JThe structure of these three proteins is highly conserved 
(>80% amino acid identity), and their biochemical prop- 
erties are so far indistinguishable. HMGBs are composed 
of three different domains. The two homologous DNA 
binding domains, HMG boxes A and B, are each -75 
amino acids in length. The C-terminal domain is highly 
negatively charged, consisting of a continuous stretch of 
glutamate or aspartate residues, and is longest in HMGB1 
and shortest in HMGB3 (reviewed in Bustin, 1999; 
Bianchi and Beltrame, 2000). HMGB1 is ubiquitous and 
only 10 times less abundant than core histoncs, at ~10 6 
molecules per typical mammalian cell. Expression of the 
other two family members is more restricted: IIMGB3 is 
only expressed to a significant amount during embryogen- 
esis (Vaccari et al, 1998); HMGB 2 is widely expressed 
during embryonic development, but restricted mainly to 
lymphoid organs and testis in the adult mouse (Ronfani 
et a/., 2001). 
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The localization of these proteins in most cells is 
nuclear. In their nuclear identity, HMGB1 and HMGB2 
bind to the minor groove of DNA, causing a local 
distortion of the double helix. They have little or no 
sequence preference, and they are recruited to the site of 
action by specific DNA binding proteins. HMGB1 has 
been shown to interact with, and increase the apparent 
binding affinity of, several transcription factors (including 
the Hox and Pou proteins, and the steroid hormone 
receptors p53 and TBP), some viral proteins, and the 
RAG1 protein, which performs V(D)J recombination 
(reviewed in Bianchi and Beltrame, 2000). Hie functional 
importance of HMGB1 as regulator of transcription has 
been confirmed by the phenotype of the HmgbJ knockout 
mouse, which dies shortly after birth due to hypoglycemia 
and shows a defect in the transcriptional enhancement of 
the glucocorticoid receptor (Calogero et ai, y 1999). 

Secretion of HMGB1 and inflammation 

In surprising constrast to its intranuclear role, HMGB1 can 
also be secreted by certain cells, and plays important roles 
in inflammation and tumour metastasis (Wang et aU 

lyyvni lagucui ei ui. 9 avkjsj). 

Wang et al. (1999a) identified HMGB1 as a late 
mediator of endotoxin lethality in mice. They showed 
that monocytes/macrophages stimulated by lipopolysac- 
charide (LPS), tumour necrosis factor (TNF) or inter- 
leukin-1 (IL-1) secreted HMGB1 as a delayed response. In 
mice, administration of anti-HMGBl antibodies attenu- 
ated LPS-induced endotoxemia; conversely, injection of 
HMGB1 caused toxic shock. Moreover, septic patients 
showed increased serum levels of HMGB1, which correl- 
ated with the severity of the infection. Subsequently, 
HMGB 1 was also shown to cause acute lung inflammation 
when administered intratracheally (Abraham et a/., 2000). 
Antibodies against HMGB1 decreased lung edema and 
neutrophile migration, whereas they did not reduce the 
levels of the other proinflammatory cytokines TNF-ot, 
IL-ip or macrophage inflammatory protein-2 (MIP2). ' 
Pituicytes, which provide an important link between the 
immune and the neuroendocrine systems, release HMGB1 
in response to specific stimuli like TNF-a and IL-1, 
suggesting that HMGB1 also participates in the regulation 
of neuroendocrine and immune responses to inflammatory 
processes (Wang et a/., 1999b). However, most cells 
(including lymphocytes, adrenal cells or kidney cells) are 
not able to secrete HMGB1 (Wang et a/., 1999a). 

It is not clear so far how HMGB1 is secreted by 
monocytes and the other competent cell types: it possesses 
no signal peptide that would direct it to the endoplasmic 
reticulum (ER) (Figure 1). This lack of a secretion leader 
peptide is a feature shared with a small number of other 
secreted proteins, like the cytokine IL-lp (Andrei et a/., 
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Fig. 1. Extracellular HMGB1 mediates migration of cells, metastasis 
and inflammatory responses. Most types of cells (upper) passively 
release nuclear HMGB 1 (green spheres) into their surroundings after 
they have died. Alternatively, HMGB1 can be actively secreted from 
monocytes (and a limited number of other cells, lower part of the 
drawing) upon stimulation with LPS, TNF-a or IL-1. Secretion does 
not involve passage through the endoplasmic reticulum and Golgi 
apparatus. Extracellular HMGB1 provokes in other cells (green) that 
bear a receptor for HMGB I an appropriate response foT that cell type, 
like cell migration or inflammation. 



1999) , Studies in murine crythroleukemia (MEL) cells 
have shown that HMGB 1 export does not involve the ER 
and the Golgi complex, but is promoted by intracellular 
Ca 2+ increase and possibly by activation of a Ca-dcpendent 
protein kinase C isoform (Passalacqua et al. 9 1997). In any 
event, some sort of nucleus-cytoplasm shuttling must also 
be invoked if the protein has to leave the nucleus 
altogether. 

Once released, HMGB1 is able to activate several other 
cells involved in the immune response or inflammatory 
reactions, and can act as a cytokine itself (Andersson et aL, 

2000) . HMGB1 stimulates monocytes to secrete a specific 
subset of proinflammatory cytokines, including TNF-a 
and IL-1. In comparison with the well known inflamma- 
tory stimulus LPS, HMGB1 causes a delayed and biphasic 
release of TNF-a. It appears, therefore, that HMGB1 is not 
only secreted by macrophages in response to proinflam- 
matory stimuli, but also itself provokes a delayed 
response; thereby, it prolongs and sustains inflammation. 
This response is cell type specific: no cytokine was 
released from lymphocytes stimulated with HMGB1. 



Alternatively, HMGB1 can also be set free by groups of 
cells that support the differentiation of other spatially 
associated cell types. Stimulated astrocytes release 
HMGB1, which then induces LAN5 neuroblastoma cells 
to differentiate (Passalacqua et aL, 1998). Human 
promyelocyte HL60 cells, although not secreting 
HMBG1 themselves, show an accelerated differentiation 
when exposed to extracellular HMGB1 (Sparatorc et aL, 

In all these cases, the release of HMGB1 into the 
extracellular space is well controlled and local, in the 
sense that HMGB1 is cither secreted in an autocrine 
manner, or in a paracrine manner by closely associated 
cells. Remarkably, this spatially restricted secretion of 
HMGB1 docs not seem to trigger an inflammatory 
response. 

Cell migration and metastasis 

HMGBl can also promote cell migration. Cells migrate in 
response to extracellular stimuli, channelled through 
specific signal transduction pathways, which ultimately 
elicit cytoskeletal remodelling. We showed that vascular 
smooth muscle cells (Degryse et at., 2001) and fibroblasts 
(B.Degryse and M.E.Bianchi, unpublished) respond to 
extracellular HMGBl in cytokinesis and chemoattraction 
assays. Ami- HMGBl antibodies inhibit neurite outgrowth 
and migration of glioma cells (Fages et aL, 2000). Perhaps 
most strikingly, Taguchi et aL (2000) showed that HMGB 1 
is also involved in tumour invasion and metastasis: admin- 
istration of anti-HMGBl antibodies suppressed metastasis 
formation by Lewis lung tumour cells implanted under the 
skin of recipient mice. 

in vivo, cell migration depends to a large extent on the 
capability of a cell to invade the surrounding tissue, for 
which the activation of extracellular proteases is required. 
HMGBl appears to play a role here as well: it binds to 
several components of the plasminogen activation system 
and enhances the activation of t-PA (Parkkinen and 
Rauvala, 1991). Moreover, Taguchi et aL (2000) showed 
HMGBl -elicited activation of metal loproteases MMP-2 
and MMP-9, which are downstream targets of the plasmin 
activation cascade. While it enables the degradation of the 
extracellular matrix, the activation of proteases also leads 
to degradation of HMGBl and might serve as a feedback 
mechanism. 



Local, controlled export of HMGB1 
enhances specific differentiation processes 

Before the discovery of the role of HMGBl in inflamma- 
tion, it had already been observed that several cells release 
the protein in their surroundings as part of their differen- 
tiation process. MEL cells, stimulated with a chemical 
inducer, release HMGBl (also called DEF for differenti- 
ation enhancing factor) in the medium; extracellular 
HMGBl in turn is required for the differentiation of 
these cells (Sparatore et aL, 1996; Passalacqua et aL, 
1997). Likewise, neurons secrete HMGBl (also called 
amphoterin) and retain it associated to their plasma 
membranes at the leading edge of migration, which in 
tum promotes the outgrowth of ncurites (Fages et aL, 2000 
and references therein). 



Signalling mechanisms 

The signalling mechanisms by which HMGB 1 activates 
cells to respond are incompletely understood (Figure 2). 
HMGBl is rather *sticky\ and binds to many different 
molecules on the cell surface: heparin, proteoglycans, but 
also sulfoglycolipids and phospholipids (Bianchi, 1988; 
Degryse et aL, 2001; Rouhiainen et aL, 2001). This could 
be a mechanism to restrict the diffusion of extracellular 
HMGBl, and thereby keep the effect of this potentially 
dangerous molecule local. A molecule that binds HMGBl 
in a specific and saturable way is syndecan-1, which is a 
cell surface proteoglycan containing heparan sulfate and 
chondoitinsulfate (Salmivirta et aL, 1992). HMGBl can 
also be taken up by the cell in an as yet unidentified 
manner, and promote the co-uptake of DN A. This property 
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Fig. 2. Known signalling mechanisms of extracellular HMGB1. 
Extracellular HMGB1 (green spheres) stimulates smooth muscle cells 
(red) to migrate. This response is mediated through RAGE, a Gj/ 0 
prole in and the MAP kinase pathway, but the exact connection between 
these participants in the signal transduction cascade is not known. 
Ncurite outgrowth in neurons (yellow) is activated by I1MGB1 binding 
to RAGE, and the signal is channelled through the Rho family of small 
GT Pases. Signalling of HMGB I through RAGE also activates the Ras/ 
MAP kinase pathway, leading ultimately to activation of the 
transcription factor NF-kB and its nuclear translocation. Other 
receptors (green) might also mediate responses to extracellular 
HMGB1. 



was therefore used to transfect cells (Mistry et al. y 1 997). It 
is unclear, however, whether binding to cell surface 
glycans and cellular uptake are causally related. 

However, HMGB1 definitely has one high-affinity 
receptor: RAGE (receptor for advanced glycation end- 
products) (Hori et aL, 1995). RAGE belongs to the 
immunoglobulin superfamily and binds a variety of 
ligands: the glycated proteins that are present in the 
serum of diabetic patients (advanced glycation end- 
products, AGEs), but also calgranulin, a proinflammatory 
peptide that derives from the proteolytic processing of the 
cytoplasmic protein S100, and amyloid |3-peptidc in 
Alzheimer patients (reviewed by Schmidt et al. t 2000). It 
is expressed on a wide set of cells, including endothelial 
cells, smooth muscle cells, mononuclear phagocytes and 
^ neurons, and has been implicated in several pathological 
processes, such as diabetes, amyloidoses and athero- 
sclerosis. HMGB1 binding on the cell surface itself 
induces the transcriptional upregulation of RAGE 
(Li etal., 1998). 

The knowledge of the signal transduction pathways 
activated by HMGB1 binding to RAGE is still fragmen- 
tary. Extension of neurites requires the small GTPases 
Cdc42 and Rac, but not the ras-MAP kinase pathway 
(Huttunen et al. t 1999). However, in neural cells, HMGB 1 
binding to RAGE also activates the Ras-MAP kinase 
pathway and leads ultimately to the activation of NF-kB, 
the transcription factor classically linked to inflammatory 
processes (Huttunen et uL f 1999). During tumour invasion 
the MAP kinases p38 MAPK , JNK and p42/p44 MAPK have 
been shown to be activated by RAGE-HMGB1 (Taguchi 
et a/., 2000). HMGB 1 -mediated migration of smooth 
muscle cells also results in activation of the MAP kinase 
pathway and translocation of phosphorylated ERK 1 and 2 




HMGB1 chromatin protein 

into the nucleus, but also involves a Gyo protein (Degryse 
et al. 9 2001). How and whether these pathways are linked 
remains an open question; moreover, different pathways 
may be activated in different cell types. One potentially 
interesting observation is that cells which respond to 
extracellular HMGB1 appear to contain very little 
HMGB1 themselves, and almost none in the nucleus. In 
support of this observation, we have shown that HmgbJ^- 
embryonic fibroblasts respond better to extracellular 
HMGB! in cell migration assays than their wild-type 
counterparts (B.Degryse and M.E.Bianchi, unpublished 
data). 

A unifying hypothesis: spilled chromatin 
means cell death 

Several years ago it was shown that HMGB1 binds tightly 
to nucleosomes reconstituted from purified DNA and 
histones (Nightingale et a/., 1996; Ura et al. 1996), in a 
way similar to histone HI. However, differently from 
histone HI, HMGB1 is not stably associated with the 
chromatin of cells: it does not appear to be a component of 
condensed mitotic chromosomes, and is rapidly lost to the 
surrounding medium when cells are permeabilizcd with 
non-ionic detergents (Falciola et a/., 1997; Spada et a/., 
1998). Recently, we showed that HMGB1 is also released 
in the medium as a soluble molecule by necrotic cells, 
whereas histones are retained associated to the DNA in the 
cell remnants (Figure 1; Degryse et aL, 2001). 

HMGB 1 released by mechanically damaged or necrotic 
cells is indeed capable of binding RAGE and elicit 
migratory responses in smooth muscle cells (Degryse eta'., 
2001). We proposed that, following damage, endothelial 
cells could release the abundant nuclear HMGB1 they 
contain both in the bloodstream (possibly causing inflam- 
mation of nearby endothelia) and towards the intimal layer 
of the vessel, causing migration and proliferation of 
smooth muscle cells. This would be consistent with a 
repair process being elicited by damage. Significantly, 
intimal thickening also occurs as a process associated with 
inflammation. Monocyte-derived 'foam cells* infiltrate the 
intima in early steps of atherogenesis: it would be 
illuminating to know whether they then secrete HMGB1 
as a mediator of local inflammation. Necrotic cells 
accumulate in later stages of atherosclerosis, and they 
are also expected to release their HMGB1, supporting a 
continuing process of inflammation and vascular smooth 
muscle cell stimulation. Wc note too that the receptor 
mediating the signalling of the damage, RAGE, also binds 
glycated proteins, and thereby causes the same response 
(vessel wall thickening and accelerated atherosclerosis) in 
diabetic patients (Schmidt et al % 1999). 

Vessels are certainly not the only theatres of the 
HMGB1 signalling action. For example, we speculate 
that cancer metastasis (Taguchi et aL, 2000) could be 
caused by the release of HMGB1 from necrotic cells in the 
interior of large tumour masses, and its impingement on 
RAGE receptors of cancer cells at the periphery of the 
same masses. 

The proinflammatory action of HMGB1 also suggests 
that dead cells initiate inflammation through the local 
release of their nuclear content. The interiors of nuclei can 
only be spilled around when cells have disintegrated, 
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through trauma or lysis. DNA and histories are not 
solubilized in necrotic cells, at least in early stages, and 
this leaves HMGB1 as the only candidate for a sufficiently 
abundant and diffusible component. The use of a 
chromatin protein as a diffusible signal for cell "death 
might have evolved as a simple mechanism of natural 
immunity, and could have been elaborated upon by 
professional inflammatory cells, which have evolved to 
release HMGB1 without dying. 

A 'chromatin spillage' signal for cell death is an 
exceedingly simple and versatile notion, and could be used 
in a number of different pathological contexts. For 
example, stem cells could use this cue to start to divide 
and replace dead tissue. Several issues remain outstanding: 
for example, why is there no inflammation when HMGB1 
is released locally by differentiating cells? Is the binding to 
glycans involved in inflammation, or in its dampening? At 
present, Hmgbl null mutant mice cannot be used to test the 
chromatin spillage hypothesis, since they are too sick; 
however, conditional mutants where HMGB1 can be 
ablated in endothelia or neurons should help clarify the 
issue considerably. It would also be interesting to know 
whether only cells equipped with RAGE are able to read 
out the signal, or whether HMGB1 can activate other 
receptors and thus function as a general message of cell 
death. 
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